A critical assumption underlying in situ transmission electron microscopy studies is that the electron beam (e-beam) exposure does not fundamentally alter the intrinsic deformation behavior of the materials being probed. Here, we show that e-beam exposure causes increased dislocation activation and marked stress relaxation in aluminum and gold films spanning a range of thicknesses (80-400 nanometers) and grain sizes (50-220 nanometers). Furthermore, the e-beam induces anomalous sample necking, which unusually depends more on the e-beam diameter than intensity. Notably, the stress relaxation in both aluminum and gold occurs at beam energies well below their damage thresholds. More remarkably, the stress relaxation and/or sample necking is significantly more pronounced at lower accelerating voltages (120 kV versus 200 kV) in both the metals. These observations in aluminum and gold, two metals with highly dissimilar atomic weights and properties, indicate that e-beam exposure can cause anomalous behavior in a broad spectrum of nanostructured materials, and simultaneously suggest a strategy to minimize such artifacts.
Metallic materials with sub micrometer microstructural or sample dimensions exhibit mechanical properties that are distinct from their bulk, coarse-grained counterparts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Transmission electron microscopy (TEM), because of its atomic scale resolution and the capability to measure crystal rotations and lattice strains using diffraction, has been extensively used to understand the deformation behavior of such materials [11] [12] [13] [14] [15] [16] [17] . In particular, in situ TEM straining experiments have provided insights into the deformation mechanisms [18] [19] [20] , inelastic strain recovery 21, 22 , grain rotation and growth [23] [24] [25] , and generation and motion of dislocations [26] [27] [28] in nanocrystalline and ultrafine-grained metals. More recently, a combination of conventional TEM and automated crystal orientation mapping has enabled further insights into the mechanisms of grain growth and deformation [29] [30] [31] . While TEM is a fundamental technique to characterize nanoscale materials, it is also well known that the high energy of the electron beam (e-beam) used in TEM can cause radiation damage in the materials being probed 32 . In addition, the e-beam can activate dislocations, and defects generated by e-beam exposure can lead to additional deformation processes. For example, low to moderate intensity e-beam has been used to induce superplastic deformation in nanoscale silica particles and nanowires that are usually brittle at low temperatures 33 . Since nanocrystalline and ultrafine-grained metals have a high density of crystal defects (non-equilibrium grain boundaries and associated extrinsic dislocations) that can be activated by the e-beam, it is quite conceivable that e-beam exposure will alter the mechanical behavior of such materials during in situ experiments. However, the e-beam effect on the in situ deformation response of nanostructured materials remains unknown.
Here, using quantitative in situ TEM tensile straining of aluminum and gold films with a range of thicknesses (80-400 nm) and mean grain sizes (d ~ 50-220 nm) we provide direct evidence that e-beam exposure causes increased dislocation activation, significant stress relaxation and anomalous changes in sample geometry. By systematically controlling the beam conditions (accelerating voltage, intensity and beam diameter) during cyclic deformation and stress relaxation experiments we show that, contrary to expectation, beam-induced artifacts are much more pronounced at lower accelerating voltages (120 kV compared to 200 kV). In addition, the experiments reveal that e-beam exposure causes an unexpected necking of the samples along their width, which depends more on the beam diameter than intensity. These observations in two metals with highly dissimilar atomic weights and properties strongly suggest that the e-beam can significantly alter the deformation response of a broad spectrum of nanostructured materials. At the same time, the results also point to strategies that can be adopted to minimize beam-induced artifacts during in situ TEM testing.
Experimental
Two Al films, 225 nm and 400 nm thick, respectively, and one Au film, 80 nm thick, were deposited on 200-μ m thick, 100 mm diameter, (100) silicon (Si) wafers using DC magnetron sputtering. Before deposition, the Si wafers were etched with hydrofluoric acid to remove the native silicon dioxide layer. The 225 nm thick Al film (from here on referred to as Al-225 film) and Au film were deposited immediately after the removal of the silicon dioxide layer at base pressures of 1.5 × 10 −8 Torr and 5 × 10 −8 Torr respectively. The 400 nm thick Al film (from here on referred to as Al-400 film) film was deposited at a base pressure of 1.5 × 10 −7 Torr about 1.5 hours after the removal of the oxide layer. For all depositions, the argon pressure was 3 mTorr and the deposition rate was between 4-5 nm/minute. Dog-bone shaped freestanding samples were then co-fabricated with micro-electro-mechanical systems (MEMS) based tensile testing devices ( Fig. 1 ) using photolithography and plasma etching techniques described in 34 . The MEMS devices, with a width of 2.5 mm and length of 9 mm, have built-in force and displacement sensing gauges to measure the stress and strain during in situ TEM straining. The effective gauge length of all the samples was 395 μ m, whereas the width was 30 μ m.
The MEMS devices with the freestanding film samples were mounted on a displacement controlled single tilt straining holder and the films were subjected to cyclic deformation inside a Philips CM200 TEM equipped with a LaB 6 cathode. In each of the straining cycles the beam condition was systematically controlled as follows. The beam intensity was varied for a given beam area by changing the e-beam current. The beam current was controlled by altering the Wehnelt bias, the filament heating current of The change in distance between gauges x and y gives the deformation on the sample while the change in distance between gauges x and z multiplied by the stiffness of the force sensing beams gives the force acting on the sample. the TEM and the size of the condenser aperture. In all the experiments the microstructure was observed under TEM bright field conditions and recorded using an Orius Gatan TM CCD camera. Strain pulses (typically corresponding to < 0.1% strain) were applied to the sample, following which the sample was allowed to relax for a period of 5 minutes and the stress-strain data was then recorded. Two types of experiments were performed to quantify the effect of e-beam exposure. In the first set of experiments, the stress-strain response of the Al-225, Al-400 and Au film during the first cycle was measured without e-beam exposure to serve as a reference. In the subsequent cycles, the films were exposed to the e-beam at different accelerating voltages and the beam diameter (area) and intensity were systematically varied. In the second set of experiments on the Al-225 film, the sample was exposed to the e-beam only at two points during each loading to quantify beam-induced stress relaxation. At both these points, stress-strain data was recorded for a period of 15 minutes, typically at 5-minute intervals. Table 1 and 2 show the beam conditions for all the experiments.
The stress-strain response of the films was obtained by analyzing images of the built-in force and displacement gauges during deformation, using a custom MATLAB TM program. The program tracks prescribed features using cross-correlation techniques across a series of images to calculate the displacement of the gauges. Using this process, stress and strain resolutions better than 2 MPa and 0.005%, respectively, were obtained for both Al and Au films.
Once the raw stress-strain data was obtained, the data was fitted with polynomial functions to obtain the stress at a given strain. To avoid over fitting, for both loading and unloading the polynomial order was chosen so that there were at least three data points for each coefficient. Typically, fourth order polynomials were used to fit the stress-strain data for loading and third order polynomials were used for unloading. For stress-relaxation, for which only four or fewer data points were measured, a linear fit was chosen. The R 2 value was higher than 0.995 for all the loading and unloading fits. Similarly, the R 2 value for fits to the stress relaxation data exceeded 0.98 except for the first stress drop in the 2 nd cycle (R 2 = 0.804), when the relaxation was very small ( Table 2 ). The equations of the fitted curves were then used to extract the stress at 1% strain (σ 1% ) for the Al-225 and Au films, the stress at 0.75% strain (σ 0.75% ) for the Al-400 film and the stress drop for relaxation experiments on the Al-225 film. σ 1% and σ 0.75% were calculated for a particular cycle after offsetting the stress-strain curve to account for residual plastic strain from previous cycles. To ensure robustness of the analysis we also calculated σ 1% and σ 0.75% from higher order and lower order polynomial fits, but observed no meaningful changes. 
Results
The microstructure of the films was characterized by TEM and x-ray diffraction (XRD). The analyses ( (110) out-of-plane texture with random in-plane grain orientations (Fig. 2c,d ), whereas the Au film had a d of 50 nm and a strong (111) out-of-plane texture with random in-plane grain orientations (Fig. 2e,f) . Figure 3 shows the stress-strain response of the films for the cyclic loading and stress relaxation experiments under different beam conditions. To quantify the e-beam effect on the stress-strain response during the cyclic loading experiments, we compare the stress at the same strain level during each cycle, after offsetting the stress-strain curve to account for residual plastic strain from previous cycles. For the Al-225 and Au film, σ 1% is used for comparison. The overall trend is very similar even if we use the stress at a lower strain level for comparison. The Al-400 film started deforming plastically at lower strain and hence was subjected to smaller strains during each cycle. Therefore, we compare the σ 0.75% during each cycle. σ 1% for the Al-225 and Au film and σ 0.75% for the Al-400 film during each cycle is summarized in Table 1 .
In cyclic loading of metal films, the stress for a given strain is usually higher in the later cycles due to strain hardening. However, σ 1% for the Al-225 film ( cycle (120 kV beam) was still ~5% lower than the 1 st cycle despite the significant plastic deformation induced in the film during the first two cycles. This clearly shows the effect of e-beam exposure on the stress-strain response of the Al-225 film. When the accelerating voltage was increased to 200 kV in the 4 th cycle, σ 1% was markedly higher (408 MPa) compared to both the 3 rd and 1 st cycle. Between the 4 th and 5 th cycle, the accelerating voltage and beam current (area times intensity) were kept constant but intensity was reduced 4-fold, which resulted in a slight increase of σ 1% to 419 MPa. In the 6 th cycle, the accelerating voltage (120 kV) and beam current were made identical to the 3 rd cycle but the intensity was reduced 4-fold by spreading the beam. In addition, the e-beam was shifted to a previously unexposed region of the sample. This led to an increase in σ 1% to 445 MPa.
The marked increase in σ 1% of the Al-225 film between the 3 rd and 4 th cycle (Table 1) suggested that beam-induced stress relaxation is higher at 120 kV compared to 200 kV. However, the e-beam intensity and current were different for those cycles and hence a definitive conclusion could not be made. To unambiguously verify if stress relaxation is higher at 120 kV, we performed stress relaxation experiments on a different sample of the Al-225 film (Fig. 3b) at 120 kV and 200 kV. In the first two cycles, we kept the e-beam area, intensity and current identical and just varied the accelerating voltage. We loaded the sample without e-beam exposure and irradiated the sample with the e-beam at only two points during loading and measured the percentage stress drop (decrease in stress/initial stress) on each occasion. As evident from the data (Fig. 3b, Table 2 ), stress relaxation was significantly higher at 120 kV. In the 3 rd and 4 th cycle we increased the beam area and decreased the intensity while keeping the beam current close to its value in the 1 st and 2 nd cycle. Again, the stress relaxation was higher at 120 kV (3 rd cycle), even though the intensity was slightly larger in the 4 th cycle (200 kV). To ensure that the larger stress relaxation observed in the Al-225 film at lower voltages is not unique to a particular grain size, sample texture or thickness, we repeated the cyclic load-unload experiments on a thicker Al film (Al-400). This film had a notably larger mean grain size (d = 220 nm) compared to the Al-225 film (d = 120 nm) and the texture was also different (Fig. 2) . Despite these differences, the Al-400 film also showed a significantly larger stress relaxation at 120 kV (Fig. 3c, Table 1 ) compared to 200 kV. In fact, the percentage decrease in σ 0.75% for the Al-400 film at 120 kV was even higher compared to the percentage decrease in σ 1% for the Al-225 film at the same voltage (3 rd cycle in Fig. 3a) . We further verified if this trend (higher stress relaxation at lower voltages) was consistent across different materials by performing cyclic load-unload experiments on an Au film. The Au film had a considerably different texture and a much smaller mean grain size (Fig. 2) and thickness compared to both the Al-225 and Al-400 film. Nevertheless, the e-beam effect on the stress-strain response of the Au film (Fig. 3d ) was fully consistent with the effect on the Al films, leading to significantly higher stress relaxation at 120 kV compared to 200 kV.
In addition to the stress-strain response, the evolution of the microstructure during and after deformation was also monitored. The Al-225 film showed a small increase in d from 120 nm to 135 nm after six cycles whereas the Al-400 and Au film did not show any grain growth. In all the films dislocation activity was seen even at small strains where the stress-strain curve showed little deviation from linearity. Figure 4 shows an example of such dislocation activity in the Al-225 film during the third deformation cycle when the strain was ~0.41% (indicated by the green arrow in Fig. 3a) . The video corresponding to these images (videoS1) is available as supplementary material. Notably, significant dislocation activity was also seen during the initial stages of unloading (videoS2), when the macroscopic stress-strain response was elastic. The stress corresponding to videoS2 is about 408 MPa (indicated by the black arrow in Fig. 3a) , 76 MPa lower than the peak stress during the cycle. These observations suggest that dislocations are activated by e-beam exposure, leading to localized plastic deformation.
To confirm this, during the stress relaxation experiments on the Al-225 film (Fig. 3b) we shifted the e-beam to a different region of the sample at the end of 2 nd loading cycle for approximately 2 minutes. Immediately upon e-beam exposure, substantial dislocation activity (videoS3) was observed in the new region, which was accompanied by further stress relaxation (violet cross at the end of 2 nd cycle). Note that this additional stress relaxation occurred even though the sample had been exposed to the e-beam for 15 minutes in the previous observational area and significant stress relaxation (> 6%) had already occurred. We similarly shifted the beam to a new location at the end of the 3 rd cycle and again observed significant additional relaxation (violet cross at the end of 3 rd cycle). To verify if the same e-beam induced mechanism is active in the Au film, we temporarily shifted the beam to a new location during the 3 rd loading cycle (indicated by green arrow in Fig. 3d ). Once again, this led to enhanced dislocation activation in the new location (videoS4).
Apart from microstructural changes, significant necking along the sample width was seen in the Al-225 film (Fig. 5) . This localized necking exactly corresponded to the location of the e-beam on the sample (indicated by a red circle or rectangle), which strongly suggests that the necking is a direct consequence of e-beam exposure. In the Al-225 film, the width reduced from 30 μ m to 27.54 μ m, an 8.2% reduction, after 5 deformation cycles. To understand the effect of beam conditions on necking, we analyzed the changes in sample width (Δw) from the 2 nd to 5 th cycle. Since the initial sample width (at the beam location) was different for each cycle, we first calculated the percentage width reduction (Δw/w) for each cycle. We then normalized Δw/w by the plastic strain (ε p ) imposed in that cycle. After this normalization, we found a clear dependence of necking on both the beam area as well as accelerating voltage (Table 3) .
When the beam area was very small (2 nd cycle) there was no notable decrease in the sample width. For a given accelerating voltage and beam current (4 th and 5 th cycle), the normalized width reduction (r = (Δw/w)/ε p ) was significantly larger when the beam area was larger. This suggests that the extent of necking is more dependent on the beam area than intensity. Similar to stress relaxation, necking was also more pronounced at 120 kV. For example, in the 3 rd cycle (120 kV beam) r = 8.35, which is higher by a factor of 2.5 compared to the 4 th cycle (200 kV beam, r = 3.28), even though the beam area was the same and beam intensity was only 1.7 times larger. Interestingly, when the e-beam was shifted to a new region for the 6 th cycle (120 kV), a new neck appeared in that region and there was no further reduction in width of the previously necked region, which confirms that necking results from e-beam exposure. Furthermore, the specimen width decreased from 30 μ m to 27.54 μ m (8.2% reduction) in a single cycle.
Similar sample necking was seen in the Al-400 film as well (Fig. 5g ) but the reduction in width was even more pronounced. The sample width reduced from 30 μ m to 26.85 μ m (10.5% reduction) after just one cycle of deformation at 120 kV, even though the imposed plastic strain was only 0.6% and the beam intensity was also quite low (Table 1 ). In the Au film no obvious necking was observed, presumably because the beam area was much smaller (Table 1) .
Discussion
Radiolysis, caused by the inelastic scattering of incident beam electrons, and knock-on displacement, due to elastic scattering of beam electrons, are the two main radiation damage mechanisms in TEM. However, in conducting materials such as metals, radiolysis is mostly suppressed because of the high density of delocalized electrons 32 , which leaves knock-on displacement as the primary damage mechanism. Since knock-on displacement typically increases with accelerating voltage, a maximum voltage of 200 kV is used in most in situ TEM deformation experiments on metals to mitigate radiation damage. Nevertheless, recent studies have shown that even low to moderate e-beam exposure in a TEM can affect the mechanical behavior of nanoscale materials such as nanoparticles and nanowires 33, 35 . Our experiments demonstrate that the mechanical behavior of nanocrystalline and ultrafine-grained metals is also significantly affected by electron irradiation. In particular, the experiments reveal two unexpected trends as discussed below. First, beam-induced artifacts in nanostructured metals occur at beam energies far below the radiation damage (knock-on displacement) thresholds of these materials. Second, the beam-induced artifacts are more pronounced at lower accelerating voltages.
Knock-on displacement occurs when the beam energy exceeds a threshold, and may either result in the formation of vacancy-interstitial pairs in the bulk or lead to sputtering at the surfaces. However, the threshold energy for knock-on displacement in the bulk is usually larger than at the surface. For Al, the bulk displacement threshold energy exceeds 100 kV 36 but the surface sputtering threshold energy is only 65 kV 37 . Since substantial stress relaxation is observed at 80 kV for the Al-225 sample (Fig. 3a) , it is conceivable that surface sputtering could be partly responsible for the observed relaxation. However, the experiments on the Al-400 film (Fig. 3c ) strongly suggest otherwise. If surface sputtering were a primary damage mechanism, the e-beam effect would be much smaller on the Al-400 film because of its higher Figure 5 . Anomalous necking of films: (a-f) TEM images of the Al-225 sample at the locations where it was exposed to the e-beam, with scale bar shown in (e). The left edge of the sample is aligned so that changes in width after each cycle can be easily seen. The red circles in (a-c) are the areas exposed to the e-beam. In (d) and (f), the entire width of the sample was exposed as indicated by the red rectangles. The center of the e-beam was approximately at the same location from the 2 nd to 5 th cycle. The imaging location was changed before the 6 th cycle. The image in (e) corresponds to a previously unexposed region of the sample before the 6 th cycle. The image in (f) corresponds to the region in (e) after exposure to the e-beam during the 6 th cycle. The necking of the sample is clearly visible in (d) and (f). (g) TEM image of the 400 nm sample after the 2 nd cycle, with the arrows pointing to the necked region. Table 3 . Beam conditions and necking parameters of Al-225 film during cyclic deformation.
thickness. In contrast, stress relaxation as well as necking in the Al-400 film (at 120 kV) was more pronounced compared to the Al-225 film. The experiments on the Au film provide even stronger evidence that knock-on displacement is not responsible for the observed stress relaxation. The estimated surface sputtering threshold energy for Au is around 400 kV 37 and the threshold for knock-on displacement in the bulk exceeds 1000 kV. Therefore, no e-beam effect would be expected at 120 kV. Still, considerable stress relaxation (> 10%) was observed when the film was exposed to the 120 kV beam (Fig. 3d and Table 1) .
The experiments also reveal that the e-beam effects are more pronounced at 120 kV compared to 200 kV for all three films and the results are consistent across both cyclic loading as well as stress relaxation experiments (Fig. 2, Table 1 ). For example, in the Al-400 film σ 0.75% decreased by 9% in the 2 nd cycle compared to the 1 st cycle (no beam) due to irradiation by 120 keV electrons, whereas σ 0.75% increased by ~40% when 200 keV electrons were used to image the sample in the 3 rd cycle. Thus, there was a qualitative change in the stress-strain response when the accelerating voltage was changed, even though the beam areas were identical and beam intensities were comparable. The stress-strain behavior of the Au film (Fig. 3d, Table 1 ) provides even more convincing evidence that the e-beam effect is higher at lower voltages since in this case the beam conditions (area, intensity and current) were identical. While σ 1% decreased by 11% between the 1 st cycle (no beam) and 2 nd cycle (120 kV beam), it was 5% higher in the 3 rd cycle (200 kV beam) compared to the 1 st cycle. The trends in stress relaxation strongly indicate that knock-on displacement cannot explain the observations, which suggests that other processes are responsible for the changes in stress-strain behavior and sample geometry. It is well known that conduction electrons interact with lattice defects such as grain boundaries and dislocations and this leads to an increase in electrical resistivity 38 compared to a perfect crystal. Furthermore, it has been shown that an electric current pulse of high density (10 4 A/cm 2 ) can assist dislocations in overcoming obstacles causing electroplasticity 39 . In the present case, the incident beam electrons play a role analogous to the electric current pulse. The beam electrons scatter inelastically near lattice defects and generate local lattice vibrations (phonons) either by scattering-induced phonon generation or via the excitation and damping of plasmons 40, 41 . The interaction of the phonons and dislocations leads to depinning of dislocations pinned at the grain boundaries. This phonon-assisted depinning increases dislocation mobility and consequently results in stress relaxation. For a given beam area, the number of inelastic scattering events increases with increasing beam intensity. Therefore, stress relaxation caused by phonon assisted depinning of dislocations increases with increasing beam intensity. Similarly, if the intensity is constant and the beam area increases, stress relaxation is again higher because dislocation activation is enhanced in a larger fraction of grains across the sample width.
Notably, this mechanism is consistent with the observation that when the beam is shifted to a new location there is increased dislocation activity in both the Al-225 film (videoS3) and the Au film (videoS4). In this context, it is also worth noting that the cross-section of inelastic processes typically decreases with increasing beam energy 42 . Therefore, the probability for phonon generation and dislocation activation would be higher at 120 kV compared to 200 kV, which can explain the higher e-beam effect at 120 kV. However, it is important to note that these phonons generated by inelastic scattering of beam electrons do not lead to a sustained increase in the overall sample temperature. Both Al and Au have high thermal conductivity (> 200 W/m/K) and even the largest beam currents used in our experiments are not expected to raise the sample temperature by more than 1 K 42 . This remains the case even when we account for the lower thermal conductivity of nanocrystalline materials 43 . In addition to stress relaxation, the e-beam also caused considerable necking of the films (Fig. 5) . This necking along the width is highly unusual because in thin film samples with a relatively large width, the thickness tends to decrease more during uniaxial loading due to geometrical constraints ( Supplementary  Fig. 1 ). Similar to stress relaxation, the necking was also more pronounced at a lower accelerating voltage. But somewhat surprisingly the extent of necking was more sensitive to the beam area than beam intensity (compare 4 th and 5 th cycles or 3 rd and 6 th cycles of the Al-225 film). One possible explanation is that when the beam area is large, dislocation activation is increased in a higher fraction of grains across the sample width and these grains collectively deform to form a neck. When the beam area is small, plastic relaxation is enhanced in only a small fraction of grains across the sample. So even if the extent of relaxation in these grains is higher (because of higher beam intensity), their deformation is constrained by the surrounding grains that undergo no relaxation. Thus, there is less macroscopic necking of the sample.
Overall, these results unambiguously show that the beam energy required to induce stress relaxation in nanostructured metals is substantially lower than their radiation damage threshold and that the relaxation is more pronounced at lower beam energies. It is important to note that these beam-induced artifacts are observed in two metals (Al and Au) that have highly dissimilar atomic weights and substantial differences in material properties (stacking fault energy, for example). The observations are also consistent across a range of sample thicknesses and grain sizes. This strongly suggests that e-beam exposure is likely to alter the deformation behavior in a broad spectrum of nanostructured metals, including commonly studied metals such as nickel and copper.
Furthermore, our results show that e-beam exposure causes anomalous changes in geometry when a larger cross-sectional area of the sample is exposed. Therefore, materials with sub micrometer dimensions (nanowires, nano pillars), which typically have their entire cross-section illuminated by the e-beam during in situ deformation experiments, are likely to be more susceptible to e-beam induced artifacts. Hence, caution needs to be exercised in interpreting the stress-strain response of such materials from in situ experiments.
While the observations clearly demonstrate the e-beam effect on the deformation response of nanocrystalline and ultrafine-grained metals, they also suggest a strategy to minimize beam-induced artifacts during in situ testing. The results indicate that beam-assisted dislocation activation is far more important in these materials compared to radiolysis or knock-on damage. And since dislocation activation is reduced at higher beam energies, it may be prudent to employ higher accelerating voltages during in situ testing of nanostructured materials. However, it should be noted that the e-beam intensities used in this study are quite low (<1.5 A/cm 2 ). When higher intensities (for high resolution imaging or spectroscopy applications) are employed, knock-on damage could become significant at higher accelerating voltages. Therefore, careful studies are required to establish appropriate imaging conditions to minimize beam-induced artifacts during in situ TEM deformation of nanocrystalline and ultrafine-grained metals.
